Regulation of αβ/γδ T Cell Lineage Commitment and Peripheral T Cell Responses by Notch/RBP-J Signaling  by Tanigaki, Kenji et al.
Immunity, Vol. 20, 611–622, May, 2004, Copyright 2004 by Cell Press
Regulation of / T Cell Lineage Commitment
and Peripheral T Cell Responses
by Notch/RBP-J Signaling
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CD4CD8 double-negative (DN) cells are the most im-
mature subset. The DN population can be further divided
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resulted in the coexistence of both types of TCRs (Dud-Japan
ley et al., 1995; Kang et al., 1998; Livak et al., 1995;
MacDonald et al., 2001). Second, a TCR  transgene
suppresses TCR  and  rearrangement but still allowsSummary
precursor cells to commit to the  lineage (Terrence et
al., 2000). Third, CD117DN2 cells already have a biasedRBP-J is a key mediator of Notch signaling that regu-
developmental potential to the  or  lineage beforelates a large spectrum of cell fate determinations. To
they undergo the rearrangement of the TCR, TCR, orelucidate the functions of Notch signaling in T cell
TCR locus (Kang et al., 2001). These data suggest thatdevelopment, we inactivated RBP-J specifically at two
/ commitment occurs at least in part independentlystages of T cell development by crossing RBP-J floxed
of TCR rearrangement. However, its molecular mecha-mice with lck-cre or CD4-cre transgenic mice. The loss
nisms remain to be elucidated.of RBP-J at an earlier developmental stage resulted in
The developmental transition from DN3 to DN4 re-enhanced generation and accelerated emigration of
quires expression of the complete preTCR complex, which T cells, whereas  T cell development was ar-
consists of the functional TCR, pT chain and CD3rested at the double-negative 3 stage. The loss of
components (Fehling et al., 1995; Malissen et al., 1995).RBP-J at a later stage did not affect the absolute number
After maturation of DN4 thymocytes to CD4CD8 (DP)or the production rate of CD4 or CD8-positive mature
subsets via transient CD8 cells (ISP), they have to goT cells but enhanced Th1 cell response and reduced
through positive and negative selections based on theCD4 T cell proliferation. Our data demonstrated that
affinity of their  TCR with peptide-MHC complexesNotch/RBP-J signaling regulates  T cell generation
on thymic epithelial cells. Selected cells survive, down-and migration,  T cell maturation, terminal differen-
regulate either CD4 or CD8, and become single-positivetiation of CD4 T cells into Th1/Th2 cells, and activation
(SP) T cells (Jameson and Bevan, 1998).
of T cells.
In the periphery, engagement of TCR by the appro-
priate peptide-MHC complex triggers the differentiation
Introduction to the functionally distinct subsets of CD4 T cells, i.e.,
Th1 and Th2 cells. Th1 cells produce interferon (IFN)-
Committed T lymphocytes derived from lymphoid pre- and tumor necrosis factor , and are responsible for
cursors differentiate into mature T lymphocytes by mak- the cell-mediated immunity, whereas Th2 cells produce
ing a series of lineage decisions in thymus and periphery interleukin (IL) -4, -5, and -13, which promote the produc-
(Warren and Rothenberg, 2003). First, the committed tion of IgG1 and IgE by B lymphocytes (Jameson and
T cell progenitors segregate into  and  T cells in Bevan, 1998).
thymus. Then,  thymocytes differentiate into either Notch/RBP-J signaling regulates cell fate determina-
the CD4 or CD8 T cells before leaving thymus. Finally, tions in various tissues. Ligand binding to a transmem-
mature CD4 T helper (Th) lymphocytes emigrate from brane receptor Notch leads to a series of proteolytic
thymus and differentiate into Th1 or Th2 effector cells processing of Notch (Schroeter et al., 1998). The re-
in periphery, which determines the types of immune leased intracellular domain (RAMIC) of Notch translo-
responses to a given antigen. cates to the nucleus and acts as a transcriptional activa-
Thymocytes can be divided into four major subsets tor through association with a DNA binding protein,
RBP-J, at the RAM domain, resulting in transcription of
target genes such as Hes1 and Hes5 (de la Pompa et*Correspondence: honjo@mfour.med.kyoto-u.ac.jp
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Figure 1. Generation of Mice with T Cell-Spe-
cific RBP-J Deficiency
(A) Deletion efficiency of RBP-J locus. The
indicated subsets of thymocytes were iso-
lated from lck-cre x RBP-Jf/f or CD4-cre x
RBP-Jf/f mice. Genomic DNA of sorted cells
were digested with SphI and hybridized with
a probe, as previously described (Han et al.,
2002; Tanigaki et al., 2002).
(B) Immunofluorescent histochemistry of
RBP-J on thymic cryosections of lck-cre x
RBP-Jf/f or control mice. White line shows the
junction of cortical and medullary regions.
(C) Loss of RBP-J in T cells from lck-cre x
RBP-Jf/f mice. The thymocyte protein extracts
of control (lane 1) or lck-cre x RBP-Jf/f mice
(lane 2) were blotted to filters. RBP-J was de-
tected with the anti-RBP-J antibody T6709.
(D) Representative data of three semiquanti-
tative RT-PCR experiments of Hes1, Hes5,
and HPRT expression in total and DN thymo-
cytes from lck-cre x RBP-Jf/f or control mice.
mammalian Notch family consists of four highly con- RBP-J in the DN4 stage showed no abnormalities in
CD4/CD8 lineage commitment but enhancement of Th1served members, all of which use RBP-J as a signal
mediator (Kato et al., 1996). There are two families of responses and reduction in T cell proliferation.
Notch ligand, Jagged and Delta, in mammals. In con-
trast, no functional RBP-J paralogs have been identified. Results
The overexpression of RAMIC, a constitutively active
form of Notch1, suggested involvement of Notch signal- Intrathymic Deletion of RBP-J
by lck-cre or CD4-creing in multiple steps of T cell development, namely com-
mitment of  versus  (Washburn et al., 1997) and CD4 In order to assess the functions of RBP-J in T cell devel-
opment, we deleted RBP-J at different stages of T lin-versus CD8 (Robey et al., 1996), maturation or survival of
DP T cells (Deftos et al., 2000), and inhibition of positive eage cells by crossing RBP-Jf/f mice with lck-cre or CD4-
cre transgenic mice (Han et al., 2002; Takahama et al.,selection of DP cells to SP cells by interfering with TCR
signal strength (Izon et al., 2001). However, T cell-spe- 1998; Tanigaki et al., 2003; Wolfer et al., 2001). To con-
firm deletion of the RBP-J allele, genomic DNA wascific inactivation of Notch1 resulted in no effects on
/ and CD4/CD8 lineage commitment but serious purified from total and sorted thymocyte subpopulations
and the deletion efficiency was estimated by Southernperturbation of  T cell development with the defect
of TCR  rearrangement (Wolfer et al., 2001, 2002). Since blot analysis. The deletion efficiency of the RBP-J locus
in lck-cre x RBP-Jf/f mice was 81.7  14.0, 97.8  3.9,the constitutively active form of Notch1 overrides the
Notch subtype specificity, one possible explanation for and 95.4  4.7% at the DN, DP, and CD4 SP stages,
respectively (Figure 1A, left). In CD4-cre x RBP-Jf/f mice,the discrepancy is that Notch2, 3, or 4 might be used
at different developmental stages. Thus, it is essential the deletion efficiency was 23.9  7.1, 96.1  3.6, and
99.6 0.5% at the DN, DP, and CD4 SP stages, respec-to use RBP-J-floxed (RBP-Jf ) mice (Han et al., 2002;
Tanigaki et al., 2002) for elucidation of the roles of Notch/ tively (Figure 1A, right). These results are consistent
with previous reports (Wolfer et al., 2001, 2002), whichRBP-J signaling in T cell development and functions.
Here we show that RBP-J inactivation in the DN2 showed that in lck-cre transgenic mice, the deletion was
initiated at the DN2 stage and completed by the DN3stage resulted not only in severe developmental arrest
of  T cells at the DN3 stage but also in enhanced stage, while in CD4-cre transgenic mice, the deletion
started at the DN3 stage and concluded at the DN4generation and emigration of  T cells. Inactivation of
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Figure 2. Thymocytes Subset of RBP-J-Deficient Mice
(A and B) Surface expression of CD4 and CD8 on thymocytes (A) and CD44 and CD25 on NK1.1Gr1Mac1B220 TN cells (B) from lck-cre
x RBP-Jf/f or control mice. Representative flow cytometric analysis and percentages of cells in indicated squares are shown.
(C) Absolute cell numbers were calculated for total thymocytes and subsets of thymocytes. Data are the mean S.D. from 5 to 12 experiments.
(D) The absolute number of surviving BrdU-positive DN thymocytes from lck-cre x RBP-Jf/f or control mice 3 days after two administrations
of 1 mg BrdU each with a 2 hr interval. Data are the means  S.D. from five to eight experiments. *, P  0.05.
(E) The expression of components of pT complex on DN3 and DN4 cells from lck-cre x RBP-Jf/f or control mice. Intracellular staining was
performed with anti-CD3	 and anti-TCR antibodies.
(F) Representative data of three semiquantitative RT-PCR experiments of pT expression in total DN thymocytes from lck-cre x RBP-Jf/f or
control mice.
stage. The loss of the RBP-J protein in lck-cre x RBP- that of control mice because of a decrease in all subsets
except for DN (Figure 2C). CD44 versus CD25 FACSJf/f thymus was also confirmed by immunohistochemical
and Western blot analyses (Figures 1B and 1C). Since profiles of CD3CD4CD8 triple negative (TN) thymo-
cytes revealed that the CD25 bright-positive populationlck-cre x RBP-Jf/ and CD4-cre x RBP-Jf/ thymocytes
showed no abnormalities in T cell development as com- was increased about three times, suggesting accumula-
tion of the DN3 population (Figures 2B and 2C). Indeed,pared with the wild-type mice, we used these heterozy-
gotes as control for many experiments. In the absence bromodeoxyuridine (BrdU) labeling experiments dem-
onstrated that the development of BrdU-labeled DN thy-of RBP-J, the expression of Hes1 and Hes5 was not
changed significantly (Figure 1D), excluding the hypoth- mocytes was severely but incompletely arrested at the
DN3 stage (Figure 2D). Although increase in the CD25esis that RBP-J is a general repressor for major target
genes of Notch signaling in agreement with our previous bright-positive population is also reported in mice with
the defect in pre-TCR signaling (Fehling et al., 1995;report (de la Pompa et al., 1997).
Malissen et al., 1995; Mombaerts et al., 1992a, 1992b;
Shinkai et al., 1992), the expression level of the pre-TCRImpairment of  T Cell Development at the DN3
Stage in the Absence of RBP-J complex components, i.e., pT, CD3	, and TCR, were
not affected in the absence of RBP-J (Figures 2E andIn lck-cre x RBP-Jf/f mice, the relative proportions of 
T cell subsets were not drastically skewed except for an 2F). Thus, the developmental arrest at the DN3 stage
in RBP-J deficiency is not due to the defect in pre-increase in DN cells (Figure 2A). However, the absolute
number of total thymocytes was reduced to one-fifth of TCR signaling.
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Figure 3.  T Cell Progenitors Increased in
the Absence of RBP-J
(A) Representative flow cytometry of icTCR
 and icTCR staining on TN4 thymocytes
from lck-cre x RBP-Jf/f or control mice.
(B) Representative histograms for icTCR on
the NK1.1Gr1Mac1B220population of
TN1(c-kit), TN2(c-kit), TN3, and TN4 thymo-
cytes from lck-cre x RBP-Jf/f or control mice.
(C) Absolute cell numbers of thymic TCR
NKT cells (TCR, Mac1, B220, TCR,
and NK1.1) were calculated. Data are the
mean  S.D. from five experiments.
 T Cell Precursors in TN1 Thymocyte Fraction increase in the population of thymic TCR NKT cells
in the absence of RBP-J (Figure 3C), we confirmed thatNotch signaling has been proposed to be involved in
the / T cell lineage commitment (Washburn et al., the increased icTCR TN1 cells were not due to con-
tamination of TCR NKT cells.1997). To verify this hypothesis, thymocytes from lck-
cre x RBP-Jf/f mice were stained for surface expression
of TCR. The absolute number of  T cells from thymi Enhanced Generation and Accelerated Emigration
of  T Cells in the Absence of RBP-Jof lck-cre x RBP-Jf/f mice increased about two times
compared with that from control mice (Figure 2C). Pre- To measure the rates of generation and disappearance
of  T cells, we performed pulse labeling experimentscursors of T cells were previously identified in the DN4
population by expression of icTCR protein (Wilson et with BrdU. After two intraperitoneal (i.p.) injections of
BrdU with a 2 hr interval,  T cells in thymus of lck-al., 1999). Abnormal TCR DN4 cells (Figure 2E) were
divided into icTCR positive and negative cells (Figure cre x RBP-Jf/f or control mice were analyzed for BrdU
incorporation at various time points. More rapid increase3A). TCR cells might represent the abnormality in
the checkpoint of TCR rearrangement as described in in the number of BrdU  T cells showed enhanced
generation of  T cells in thymi of RBP-J deficiency asNotch1/– mice (Wolfer et al., 2002).
To further dissect the increased icTCR cells in compared to control mice (Figure 4A). Enhanced genera-
tion of  T cells is also observed in pT knockout micethe DN population of RBP-J-deficient thymi, we exam-
ined icTCR expression in the TN1 (c-kit), TN2 (c-kit), (Fehling et al., 1995) and pT expression has been re-
ported to be a possible target of Notch/RBP-J signalingTN3, and TN4 subsets, which were negative for NK1.1,
Gr1, Mac1, and B220, to avoid a contamination of mature (Deftos et al., 2000; Reizis and Leder, 2002). However,
no significant difference in pT mRNA amounts wasT and NKT cells. In the absence of RBP-J, a large in-
crease in icTCR TN4 precursor cells was observed observed in RBP-J-deficient thymocytes by semiquan-
tative RT-PCR (Figure 2F). In addition, we could not(lck-cre x RBP-Jf/f, 5.8  2.2 
 105 cells: lck-cre x RBP-
Jf/, 1.1  0.2 
 105 cells: P  0.05) (Figure 3B). The detect any increase in the expression level of TCR in
 T cells of RBP-J-deficient mice by intracellular (ic)increase of icTCR cells was also detected in
NK1.1Gr1Mac1B220c-kit TN1 population (lck-cre staining of TCR (Figure 4B), although in the absence
of pT, productive TCR rearrangement in  T cells isx RBP-Jf/f, 8.9  2.3 
 103 cells: control, 4.4  2.4 
 103
cells: P  0.05) (Figure 3B). Since we did not find any reported to increase (Aifantis et al., 1998). These data
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Figure 4. Absence of RBP-J Enhances the Generation and Emigration of  T Cells
(A) The kinetics of BrdU-positive  thymocytes from lck-cre x RBP-Jf/f or lck-cre x RBP-Jf/ mice at various time points after two administrations
of 1 mg BrdU each with a 2 hr interval. Total thymocytes were harvested 4, 12, and 24 hr after the last injection. One set of data is the mean 
S.D. from four mice. The representative data from three independent experiments are shown.
(B) Representative histograms for icTCR expression in  T cell in thymi from lck-cre x RBP-Jf/f or control mice. The numbers below bars
indicate the percentage of positive cells.
(C) Representative flow cytometry analyses of  T cells in spleen and mesenteric lymph nodes (MLN). Cells were stained with anti-TCR
and anti-TCR.
(D) Percentages and absolute numbers of  T cells in spleen and MLN are shown with S.D. in bars. The data are the summary of four mice.
(E) The kinetics of BrdU pulse labeling of  T cells from spleen and MLN of BrdU-treated lck-cre x RBP-Jf/f or control mice as described in
(A). One point represents the mean  S.D. from 3 mice.
(F) Percentages of BrdU-positive  T cells from spleen and MLN of continuously BrdU-treated lck-cre x RBP-Jf/f or control mice on days 0,
3, and 5. One point represents the mean  S.D. from three mice.
exclude the possibility that enhanced generation of  Next, we examined  T cells in the periphery. The
percentages and absolute numbers of  T cells inT cells in the RBP-J deficiency is due to the defect in
expression of pT. spleen and mesenteric lymph nodes (MLN) increased
compared with those of control mice (Figures 4C andMore rapid decrease in the number of BrdU  thy-
mocytes after day one was also noted in RBP-J- defi- D). BrdU pulse labeling experiments showed a continu-
ous but much slower rate of labeling of  T cellscient mice (Figure 4A). The rapid disappearance of 
T cells from thymus may be due to either enhanced in periphery than in thymus, and RBP-J-deficient mice
showed augmented labeling in peripheral  T cellsemigration or decreased survival. To between distin-
guish these possibilities, we examined the cell death in compared with control mice (Figure 4E). Long-term con-
tinuous-BrdU labeling assay clearly showed prolongedthymic  T cells with annexinV staining. No enhanced
annexinV-positive  T cells were observed (lck-cre x and accelerated accumulation of BrdU  T cells in
RBP-J-deficient spleen and MLN between 3 and 5 daysRBP-Jf/f, 46.3  7.4%: lck-cre x RBP-Jf/, 41.4  8.0%:
P  0.05), suggesting accelerated emigration of  after administration of BrdU (Figures 4E and 4F). These
results suggest that larger numbers of BrdU T cellsT cells in RBP-J-deficient mice.
Immunity
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Figure 5. Absence of RBP-J Did Not Perturb the Production of Single-Positive Thymocytes
(A) A representative flow cytometry analysis of CD4 and CD8 on thymocytes (upper panels) and spleen cells (lower panels) from CD4-cre x
RBP-Jf/f or control mice. Percentages of indicated squares are shown.
(B) Absolute cell numbers were calculated for total thymocytes and subsets of thymocytes. Data are mean S.D. from five to eight experiments.
(C) The absolute number of surviving BrdU-positive DN, DP, and SP thymocytes from CD4-cre x RBP-Jf/f or control mice at various time points
after the administrations of 1.8 mg BrdU each with a 2 hr interval. On day 0 thymocytes were harvested 1 hr after the last injection. Data are
the mean  S.D. from five to eight experiments.
(D) The percentages of BrdU-positive CD4 or CD8 SP mature thymocytes (TCR-high) from continuously BrdU-treated CD4-cre x RBP-Jf/f or
control mice. One set of data is the mean  S.D. from three mice.
appeared continuously in the periphery of RBP-J/ Biased Th1-Type Immune Responses
in the Absence of RBP-Jmice by enhanced emigration from thymus. Taken to-
gether, Notch/RBP-J signaling inhibits generation as Although no obvious changes were seen in the numbers
of CD4 and CD8 T cells in the periphery of CD4-cre xwell as emigration of  T cells in thymus.
RBP-Jf/f mice, a drastic reduction in serum concentra-
tions of immunoglobulin (Ig) G1 and IgE was observedNormal CD4 SP and CD8 SP T Cell Development
in the Absence of RBP-J (Figure 6A). Immunization with OVA revealed that RBP-J
deficiency in CD4 T cells resulted in increase of OVA-To examine the RBP-J functions in T cell development
later than the transition from the DN to DP stage, we specific IgM, IgG2a, and IgG2b and decrease of OVA-
specific IgE (Figure 6B). These data suggest that the lossutilized CD4-cre transgenic mice. In CD4-cre x RBP-Jf/f
mice, there was no abnormality in the percentages and of RBP-J in peripheral T cells might cause preferential
differentiation to Th1 cells, because serum levels of IgG1absolute numbers of DN, DP, CD4 SP, and CD8 SP
thymocytes and spleen T cells (Figures 5A and 5B). and IgE are determined by the balance between Th1
and Th2 cell differentiation.BrdU-uptake experiments showed that the kinetics of
thymocyte BrdU labeling with pulse-chase and continu- To examine this possibility, splenocytes were recov-
ered from CD4-cre x RBP-Jf/f and control mice 7 daysous BrdU treatments were indistinguishable between
RBP-J conditional knockout mice and control mice (Fig- after injection of alum. The production of cytokines was
assayed by intracellular staining with anti-IL-4 and IFN-ures 5C and 5D), indicating that the RBP-J deficiency
does not significantly perturb the development into CD4 antibodies 4 hr after restimulation of splenocytes with
PMA and ionomycin. In the absence of RBP-J, IFN--and CD8 SP T cells.
Regulation of T Cell Development by Notch
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Figure 6. Humoral Immune Responses in the T Cell-Specific RBP-J Knockout Mice
(A) Serum Ig concentrations in 8-week-old nonimmunized CD4-cre x RBP-Jf/f and control mice. Each circle indicates data of a single individual
mouse. Eight to ten mice were examined for each genotype.
(B) Humoral responses to T cell-dependent antigens. Concentrations of OVA-specific antibodies on day 32 after two immunizations (day 0
and day 14) with 20 g OVA absorbed to alum and three aerosol challenges (saline or 1% OVA) for 20 min are shown for eight to ten littermates
of each genotype.
producing (Th1) cells increased three times (Figure 7A). Notch/RBP-J signaling regulates T cell proliferation in
concert with the help from APCs.We also examined differentiation of naive CD4 T cells
from spleens into Th cell subsets by the stimulation of
anti-CD3 and anti-CD28 antibodies and observed en-
Discussionhanced differentiation to Th1 cells in the absence of
RBP-J (Figure 7B). Even in the presence of IL-4 (Th2
Functional Association of RBP-Jcondition), the number of IFN--positive Th1 cells in-
and Notch in Mammalscreased in RBP-J-deficient T cells. Similar skewed dif-
Upon interaction with RAMIC of Notch, RBP-J recruitsferentiation was observed when spleen CD4 T cells
transcriptional coactivators to target genes. However,were stimulated with anti-TCR and anti-CD28 antibodies
RBP-J also functions as a repressor of transcription inin the presence of antigen-presenting cells (APCs) (Fig-
a mammalian artificial system and Drosophila (Bray andure 7C). Enhanced production of IFN- in the absence
Furriols, 2001; Hsieh and Hayward, 1995). A recent ge-of RBP-J was confirmed by ELISA assay (Figure 7D).
netic study showed that the repression activity of Su(H),IL-10 was not affected (data not shown). These results
the Drosophila homolog of RBP-J, is indispensable forsuggest that Th1 biased responses in RBP-J-deficient
differentiation of sensory organ precursors in a Notch-T cells may be regulated in a T cell intrinsic manner and
independent manner (Koelzer and Klein, 2003). We havein the downstream of IL-4. It is shown that IL-4 induces
reported that expression of the RBP-J target gene, HesGATA3 through STAT6, and GATA3 inhibits Th1 differen-
1, was indistinguishable between RBP-J and Notchtiation (Usui et al., 2003). We therefore estimated the
knockout forebrains (de la Pompa et al., 1997). In theexpression level of GATA3 with real-time PCR. In the
present report, we confirmed that Hes 5 and Hes 1absence of RBP-J, the expression level of GATA3 was
mRNAs were not altered in RBP-J/ T cells. The resultsreduced by 50% (Figure 7E). The data suggest that the
indicate that the phenotypes in RBP-J-deficient miceloss of RBP-J may cause the failure of efficient induction
are not due to a simple derepression of target genesof GATA3 expression, leading to the biased differentia-
but likely to represent those due to loss of Notch/tion to Th1 cells.
RBP-J signaling.
Several reports described the existence of RBP-J-
independent Notch pathways (Martinez Arias et al.,Reduced Proliferation of T Cells by Loss of RBP-J
To confirm whether RBP-J deficiency affects the prolif- 2002; Shawber et al., 1996). These studies are based
on the finding that similar phenotypes are observed byeration of CD4 T cells, we examined the responses of
RBP-J-deficient CD4 T cells to TCR stimulation. The overexpression of either RAMIC or its truncation deriva-
tive IC that is devoid of the RAM domain, the majoranalysis of in vitro proliferation of CD4 T cells showed
that the loss of RBP-J resulted in the reduction of prolif- RBP-J-interacting site. Assuming that IC cannot interact
with RBP-J, the authors claimed that biological activitieseration in the presence of APCs, but not in the absence
of APCs (Figures 7F and 7G). These data suggest that of IC should be independent of RBP-J. However, we
Immunity
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Figure 7. Preferential Th1 Cell Differentiation in the Absence of RBP-J
(A) Splenic T cells from CD4-cre X RBP-Jf/f or control mice 7 days after intraperitoneal injection of alum were stimulated with PMA and
ionomycin for 4 hr. Intracellular staining of IFN- and IL-4 in CD4 T cells are shown with percentages of cells in each area.
(B) Splenic naive CD4 T cells were stimulated with immobilized anti-CD3 and anti-CD28 antibodies in the presence or absence of IL-4 (10
ng/ml) for 2 days. After additional 3 days of culture, cells were restimulated with PMA and ionomycin for 4 hr and intracellular staining of
IFN- and IL-4 are shown with percentages of cells in each area.
(C) Splenic CD4 T cells from CD4-cre X RBP-Jf/f or CD4-cre X RBP-Jf/ were stimulated with anti-TCR and anti-CD28 antibodies in the
presence of APCs (irradiated B6 spleen cells from which T cells were depleted). After 5 days of culture, cells were restimulated with plate-
bound anti-TCR mAb for 6 hr. Intracellular staining of IFN- and IL-4 is shown.
(D) Cytokine production of splenic CD4 T cells stimulated with anti-TCR and anti-CD28 antibodies. After 24 hr, cytokine concentrations were
analyzed by ELISA.
(E) GATA3 expression was decreased in the absence of RBP-J. Total RNAs were isolated from the naive T cells stimulated with immobilized
anti-CD3 and anti-CD28 antibodies for 3.5 days and subjected to real-time PCR analysis. Results were normalized to HPRT abundance. Similar
results were obtained in three other independent experiments.
(F) Splenic CD4 T cells from CD4-cre X RBP-Jf/f, CD4-cre X RBP-Jf/, or control CD4-cre X RBP-J/ mice were stimulated with a combination
of anti-TCR and anti-CD28 (10g/ml) antibodies. Anti-TCR antibody added was plate-bound or soluble in the absence or presence, respectively,
of APCs. [3H]-thymidine incorporation was measured 48 hr after stimulation.
(G) Splenic CD4 T cells from CD4-cre X RBP-Jf/f, CD4-cre X RBP-Jf/, or control CD4-cre X RBP-J/ mice were stimulated with soluble anti-
TCR (10 g/ml) and anti-CD28 (10 g/ml) antibodies in the presence of APCs. The incorporation of [3H]-thymidine was measured at various
time points.
have shown that such a truncated Notch without the However, some, if not all, of these phenotypes can be
explained by derepression of the target genes due toRAM domain (IC) still retains the ability to interact with
RBP-J through ankyrin-like repeats and to enhance the loss of Su(H), which also function as a repressor like
RBP-J (Li and Baker, 2001). In contrast, in mammalsRBP-J-mediated transcription (Kato et al., 1997). In Dro-
sophila, several genetic studies have suggested dissoci- there are no phenotypes of RBP-J/ that cannot be
found in Notch/. In turn, all the phenotypes observedated function between RBP-J and Su(H) based on either
the comparison of the phenotypes between Notch null in Notch conditional knockout mice, i.e., the abnormali-
ties in T/B cell lineage, marginal zone B cells, and and RBP-J null mutants or the effects of gain-of-function
Notch mutant on Su(H) null background (Lawrence et T cell development, were also observed in RBP-J condi-
tional knockout mice (Han et al., 2002; Radtke et al.,al., 2001; Ligoxygakis et al., 1998; Ramain et al., 2001).
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1999; Saito et al., 2003; Tanigaki et al., 2002; Witt et al., The Absence of CD4/CD8 Lineage Regulation
by RBP-J2003; Wolfer et al., 2002). Taken together, there is no
solid evidence to indicate that the function of RBP-J is The effects of Notch signaling on CD4/CD8 lineage com-
mitment have been controversial. The transgenic over-dissociated from that of Notch in mammals, although
we cannot exclude the possibility that the comparison expression of RAMIC inhibited the differentiation of
CD4 cells (Robey et al., 1996), whereas similar experi-of the phenotypes of RBP-J/ and Notch/ mice is
still limited. ments showed enhanced maturation or survival of DP
T cells without any influences on CD4/CD8 lineage com-
mitment (Deftos et al., 1998, 2000; Izon et al., 2001).Regulation of Generation and Emigration
Notch1 involvement in DP T cell maturation and CD4/of  T Cells by Notch
CD8 lineage commitment was not confirmed by T cell-Although successful rearrangement of TCR  or  can
specific knockout of Notch1 (Wolfer et al., 2001). Subse-affect the lineage decision of versusT cells (Dudley
quently, it was pointed out that interpretation of theet al., 1995; Kang et al., 1998; Livak et al., 1995), /
results of gain-of-function studies may be limited partlyT cell fate could be already determined, at least in part,
because of the tumorigenic activity of RAMIC (Fowlkesindependently of TCR gene rearrangement at the DN2
and Robey, 2002). In addition, overexpression of a tran-stage, in which almost no recombination of TCR , ,
scriptional activator can cause nonphysiological pheno-or  can be detected (Kang et al., 2001). Notch signaling
types because transcriptional regulation depends on thewas proposed to play roles in this lineage commitment
relative amounts of many regulatory proteins. Signifi-because the heterozygous Notch1-deficient thymocytes
cantly, the expressed amounts of Notch and RAMIC aredevelop more efficiently into  T cells compared with
extremely low in normal conditions. RAMIC productioncontrol thymocytes (Washburn et al., 1997). A constitu-
is likely to be transient. The present results clearlytively active form of Notch can induce thymocytes with
showed that RBP-J-mediated Notch signaling is dis-successfully rearranged  TCR genes to adopt the 
pensable for the lineage commitment, survival, and mat-T cell fate (Washburn et al., 1997). By contrast, T cell-
uration of CD4/CD8 T cells.specific knock out of Notch1 causes no effects on 
T cell differentiation (Wolfer et al., 2002), while Notch
ligand, Jagged2 knockout mice show reduction in  Regulation of Peripheral T Cell Functions
by Notch/RBP-J SignalingT cells (Jiang et al., 1998). These apparent discrepancies
can be reconciled by our present findings that Notch/ In the absence of RBP-J, Th2-dependent isotype pro-
duction was markedly reduced while the production ofRBP-J signaling inhibits two separate steps of  T cell
development, the generation and emigration of  a Th1 cytokine, IFN- by splenic CD4 T cells was en-
hanced. The addition of excess amounts of exogenousT cells. If Jagged2 regulates only the emigration step
but not the generation step, Jagged2 knockout mice IL-4 could not inhibit the enhanced generation of Th1
cells from RBP-J-deficient naive CD4 T cells. Thus,should show the accelerated disappearance of 
T cells, resulting in the reduction of  T cell thymocytes generation of Th1 cells is regulated by a T cell-intrinsic
program involving Notch/RBP-J signaling. Since acti-(Jiang et al., 1998).
icTCR-positive  T cell progenitors present in the vated T cells are shown to be capable of activating
Notch signaling autonomously (Adler et al., 2003; PalagaDN4 subset were previously identified in normal mice
(Wilson et al., 1999). Increased generation of  T cells et al., 2003), the interaction between T cells can trigger
Notch signaling that inhibits Th1 differentiation includingin the absence of RBP-J enabled the identification of
another type of  T cell progenitors. Their surface phe- IFN- production. Th1 cell development is augmented
by cytokines such as IL-12 or IFN- secreted by APCsnotype is CD4CD8CD3NK1.1Gr1Mac1B220
CD44CD25c-kit. TN1 (CD4, CD8, CD3, CD44, upon innate immune responses (Hsieh et al., 1993; Mur-
phy and Reiner, 2002). Our results showed that Notch/and CD25) cells were previously reported to be con-
taminated with the population with rearranged TCR RBP-J signaling by T-T as well as T-APC interaction
might attenuate Th1 cell differentiation to prevent ex-genes (Livak et al., 1999), which is likely to be identical
to the present  T cell progenitors in the TN1 fraction. cess Th1 responses. Recently, several groups reported
that Notch signaling modulated T cell proliferation and T cells may not follow the same DN1 to DN4 develop-
mental pathway as  T cells. Immature  T cell precur- Th1/Th2 differentiation (Adler et al., 2003; Maekawa et
al., 2003; Palaga et al., 2003). The activated Notch wassor cells should branch off from the  T cell develop-
mental pathway before or at the time of TCR  reported to promote proliferation of T cells, and the
treatment with a -secretase inhibitor or anti-sense ofrearrangement, i.e., the TN2 stage. More surface mark-
ers may be required to demonstrate an independent Notch1 reduced their proliferation and blocked IFN-
production mainly in CD8 T cells (Adler et al., 2003;developmental pathway that  T cells follow.
 TCR recombination is controlled by a basic helix- Palaga et al., 2003). In contrast, Delta1-Fc-mediated
Notch activation reduced T cell proliferation and en-loop-helix (bHLH) protein; E2A and E2A knockout mice
show a severe decrease of  T cells in thymus (Bain hanced IFN- production in CD4 T cells (Maekawa et
al., 2003). The interpretation of these experiments usinget al., 1999). In contrast, generation of  T cells in-
creased in the absence of RBP-J. Notch/RBP-J signal- artificial systems may not be straightforward. It is possi-
ble that soluble dimeric Delta1 may inhibit Notch signal-ing is likely to induce the expression of Hes1 or Deltex,
which may inhibit the activity of E2A (Ordentlich et al., ing instead of their activation in some circumstances
(Varnum-Finney et al., 2000). It should be noted that1998; Sasai et al., 1992) and suppress the rearrangement
of the TCR locus. Notch/ligand interactions may be modulated by some
Immunity
620
Gr-1(RB6-8C5), anti-Mac1(M1/70) and also anti-CD44 (IM7) (all frommolecules such as Fringe in normal conditions (Okajima
BD Bioscience PharMingen, San Diego, CA). All analyses were per-and Irvine, 2002). Our in vivo and in vitro studies using
formed on a FACSCalibur (Becton Dickinson, San Diego, CA).RBP-J/ T cells have demonstrated that RBP-J-medi-
ated Notch signaling enhances T cell proliferation in the
BrdU Uptake Experimentspresence of APCs and inhibits Th1 induction, resulting
On day 0, conditional knockout and control mice received two i.p.in preferential Th2 cell differentiation. These conclusions
injections of BrdU (1 mg each) with 2 hr interval for the pulse chaseare consistent with our in vivo and in vitro studies pub-
experiment. For continuous BrdU treatment, mice received i.p. injec-
lished elsewhere (Amsen et al., 2004), in which antigen- tions of 1.8 mg BrdU and were subsequently given BrdU (0.8mg/
presenting cells were also shown to use Notch signaling ml) in drinking water for various times. The thymus was taken at
to modulate Th1 responses. Notch signaling may play various time points from 1 hr (day 0) to 5 days after the second
injection. BrdU incorporation was examined with an BrdU Flow kitimportant roles to modulate costimulation from APCs
(Beckton Dickinson). Cells were subsequently analyzed by FACScal-(Lenschow et al., 1996; Okazaki et al., 2002).
iber (Beckton Dickinson).
Conclusion
Immunization and Determination of Ig TitersMultiple studies have suggested many roles of Notch
Six-week-old mice were immunized by intraperitoneal injection ofsignaling in T cell development (Deftos et al., 1998, 2000;
20 g of OVA (Grade V, Sigma) mixed with alum. Anti-OVA antibodyIzon et al., 2001; Robey et al., 1996; Washburn et al.,
concentrations were determined by ELISA with the use of OVA, as
1997; Yasutomo et al., 2000). However, the analyses of previously described (Tanigaki et al., 2002).
T cell-specific Notch1 knockout mice showed perturba-
tions only in early  T cell development and failed
T Cell Proliferation Assayto show its involvement in other developmental steps,
Splenic CD4 T cells (2
 106/ml) were stimulated with either solublepartly because of the redundant roles of the other Notch
or plate-bound anti-TCR antibody (H57-597) at various concentra-
receptors. In this report, we demonstrated that Notch/ tions and 10 g/ml of anti-CD28 antibody (PV-1). For soluble form,
RBP-J signaling functions in  T cell generation/emi- the irradiated T cell-depleted spleen cells from B6 mice (5 
 106/ml)
gration as well as Th1/Th2 differentiation and T cell pro- were added to crosslink the antibody. Cells were cultured in tripli-
cate, in 96-well plates. The cells were pulsed with [3H]-thymidineliferation in the periphery. Our results clearly show that
(0.5 Ci/well) for the last 12 hr, and the incorporation of [3H]-thymi-Notch/RBP-J regulates not only the developmental pro-
dine was measured by a -counter.cess of T cells but also the direction and magnitude of
immune responses through the regulation of periph-
Induction of Th Cellseral T cells.
Splenic naive CD4 T cells were isolated from erythrocyte-depleted
splenocytes by mouse naive T cell CD4/CD62L/CD44 column kitExperimental Procedures
(R&D). These enriched preparations contain more than 90% CD4,
CD44-, CD62L T cells. The CD4 naive T cells were stimulated withMice
immobilized anti-CD3 (2C11) plus 1 g/ml anti-CD28 monoclonalRBP-J floxed mice, lck-cre, and CD4-cre transgenic lines have been
antibody (37.51) in the presence or absence of 10 ng/ml IL-4 (R&D).described (Han et al., 2002; Tanigaki et al., 2003; Wolfer et al.,
For soluble antibody, the irradiated T cell-depleted spleen cells were2001, 2002). All mouse protocols were approved by the Institute of
added. After 5 days, the primed CD4 T cells were restimulated withLaboratory Animals, Faculty of Medicine, Kyoto University.
10 ng/ml PMA, 1 g/ml Ionomycin, and GolgiStop (Pharmingen) for
4–6 hr. Intracellular staining of IL-4 and IFN- was performed withImmunofluorescent Staining of Tissue Sections
FIX&PERM cell permeabilization kits (CALTAG, Burlingame, CA).Tissue samples from thymi were frozen in tissue-tek OCT compound
(Sakura Finetechnical, Tokyo, Japan) and cut at a thickness of 6 m.
After air drying, sections were fixed in 4% paraformaldehyde for
RT-PCR
10 min. Immunohistochemical staining was done with anti-RBP-J
Total RNA was isolated using Trizol (GIBCO-BRL). cDNA was made
antibody (K0043) (Institute of Immunology, Tokyo, Japan) for 1 hr
using the Superscript preamplification system (GIBCO-BRL), and
at room temperature. The cells were then incubated for 1 hr with
amplified by polymerase chain reaction using Taq polymerase. The
FITC-anti–rat IgG (Southern CA, Birmingham, TX). Slides were ana-
following primers were used to amplify target cDNA:
lyzed with a Bio-Rad confocal laser scanning microscope (MRC-
HPRT (sense primer, 5-CTGGTGAAAAGGACCTCTCG-3; anti-
1024, BioRad, Hercules, CA).
sense primer, 5-TGAAGTACTCATTATAGTCAAGGGCA-3). Hes1
(sense primer, 5-CCGGTCTACACCAGCAACAGT-3; anti-sense
Immunoblotting primer, 5-CACATGGAGTCCGAAGTGAGC-3). Hes5 (sense primer,
Cells (1 
 107) were lysed for 30 min in 1 ml of ice-cold lysis buffer 5-CCGCATCAACAGCAGCATAG-3; anti-sense primer, 5-CAGGT
that contained 1% NP-40. After centrifugation, cell lysates were AGCTGACGGCCATCT-3). -actin (sense primer, 5-CTGGAGAAG
subjected to 7.5% SDS-polyacrylamide gel electrophoresis and AGCTATGAGCTGG-3; anti-sense primer, 5-CAACGTCACACTTCA
transferred to a PVDF membrane (Hybond-P, Amersham Pharmacia, TGATGG-3). pTa (sense primer, 5-TCACACTGCTGGTAGATGG
Uppsala, Sweden). The blot was incubated with the RBP-J mAb AAGG-3;anti-sense primer, 5-CATCGAGCAGAAGCAGTTTGA-3).
T6709 (Institute of Immunology) and visualized by the ECL-plus
detection system (Amersham Pharmacia).
Real-Time PCR Analysis
Real-time PCR was performed using iCycler iQ Real-Time PCR De-Flow Cytometry and Antibodies
The following monoclonal antibodies (mAbs) were used. Fluorescein tection System (BioRad) with primer pairs that contain intron-exon
junction sequence. The sequences that were used in this studyisothiocyanate (FITC)-conjugated anti-CD3	 (145-2C11), anti-CD25
(7D4), anti-TCR (H57-597), anti-TCR (GL3), and anti-IFN- (XMG were: HPRT (sense primer, 5-CTGGTGAAAAGGACCTCTCG-3;
anti-sense primer, 5-TGAAGTACTCATTATAGTCAAGGGCA-3),1.2), phycoerythrin (PE)-conjugated anti-CD4 (RM4-5), anti-CD44
(IM7), anti-TCR (GL3), anti-CD8a (53-6.7) and anti-IL-4 (11B11), GATA-3 (sense primer, 5-AGAACCGGCCCCTTATCAA-3; anti-
sense primer, 5-AGTTCGCGCAGGATGTCC-3). Each reaction wasallophycocyanin-conjugated anti-CD3	 (145-2C11), anti-CD4 (RM4-5),
anti-CD8a (53-6.7), anti-TCR (H57-597) and anti-B220 (RA3-6B2), performed concurrently on the same plate with HPRT, and the re-
sults were normalized to HPRT abundance.biotin-conjugated anti- anti-CD25 (7D4), anti-NK1.1(PK136), anti-
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